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Abstract
Potentials of integrating new technologies, particularly carbon ﬁber reinforced plastics, are not fully considered conventional reengineering pro-
cesses. This paper ﬁrstly addresses the beneﬁt by integration of functions, reduction of weight and fuel consumption, substitution of rare materials
and customer individuality.
Consequently, these aspects have been evaluated in three case studies, comprising representative cultural goods (eg. pipe organs), components
of sport-aircraft (eg. ultralight helicopters) and urban-transport (eg. multifunctional stroller-bicycle trailer). Therefore, the following methods
have been applied: functional analysis, reverse engineering and measuring technologies.
c© 2016 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of Professor Lihui Wang.
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1. Introduction
In modern society, sustainability plays an increasingly im-
portant role in everyday-life. With consumers’ rising demand
for environmentally friendly and sustainable products in com-
bination with a trend towards advanced high-tech products ma-
terials and technologies need to be pushed to the markets that
were characterized as too risky, too expensive or too complex
only a few years ago. At the same time, customers request ad-
vanced high-tech products. Hence, materials and technologies
are pushed that seemed to be too risky, too expensive or too
complex.
A promising technology in the ﬁeld of lightweight construc-
tion to improve product performance are carbon ﬁber reinforced
plastics (CFRP). The major challenge is to generate a customer
beneﬁt which surpasses high material and production costs. To
consider the beneﬁts of integrating CFRP, eg. additional func-
tions, weight reduction or substitution of rare materials, the
overall system has to be evaluated for a thorough representa-
tion of the cost-beneﬁt ratio.
In this work, three case studies were performed to systemat-
ically evaluate the use of CFRP in various ﬁelds of application.
2. Lightweight design
Besides the goal of maximization of possible weight reduc-
tion lightweight design aims at reducing the use of raw mate-
rials as well as operating costs for energy usage. Especially,
frequently accelerated or slowed down objects can reduce their
operating costs or increase their payload by lightweight design.
This is indicated by Newtons second law of motion [1] that
states, that the necessary force for acceleration of a body de-
creases if the mass of the body is reduced.
2.1. Integrating new technologies and materials
For weight reduction in various ﬁelds of application new
technologies and materials represent a promising solution. Be-
sides metallic lightweight construction materials, eg. alu-
minum, magnesium, high-strength steels and titanium, CFRP
are important lightweight materials.
A study of the association of german engineers (VDI) states
that the demand for lightweight materials is increasing steadily
in the automotive sector. Figure 1 shows that in 1977 until to-
day mostly conventional steel is used for fabrication of cars. It
can be seen that in 2035 material usage will be more evenly dis-
tributed, i.e. the proportion of lightweight materials increases
signiﬁcantly. In contrast conventional steel usage is reduced by
more than 40%.
New technologies and materials also oﬀer increased cus-
tomer beneﬁts as described in the following subsection.
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Fig. 1. Material usage of cars from 1977 to 2035 [2]
2.2. Increasing customer beneﬁts
CFRP is used in a large number of industries and in a va-
riety of ways, due to many advantages including long lasting
durability and strength. They are used in aerospace, aircraft,
automotive industries as well as in sports and medical equip-
ment. However, lightweight design already starts during prod-
uct conception. The aim is to achieve added value for the cus-
tomer by weight reduction of marketable products. In general,
consumers are willing to accept rising prices for added value,
eg. individualization, weight reduction, personal optimization,
which enable an increase in turnovers. Therefore, the subse-
quent sections cover three typical examples for increasing cus-
tomer beneﬁts.
2.2.1. Integration of functions
Integration of functions can be divided into integration of
passive, active or sensory functions into a workpiece. Exem-
plary passive functions are stiﬀness, damping, thermal con-
duction. Functions for vibration and noise reduction as well
as gears represent active functions. Furthermore, a structural
health monitoring system is an example for for integrated sen-
sory function. [3]
ZF Friedrichshafen AG shows in an axle study the potential
of functional integration of CFRP in a passenger car chassis
using a wheel controlling transversal leaf spring. In this axle
concept, a transversal leaf spring made of glass-ﬁber reinforced
plastics is used to simultaneously fullﬁll the functions of wheel
control, cushion and stabilization. The composite leaf spring
axle weighs 13% less than a complex multi-link rear axle made
of steel. [4]
2.2.2. Weight and fuel reduction
The development of carbon ﬁber construction for aerospace
and aircraft applications has successfully replaced heavier ma-
terials. The use of composite materials is steadily increas-
ing, especially in structural parts. Exemplary, the Airbus
A350XWB is built of 53% composite materials [5], see Fig. 2.
To transfer the advantages of CFRP to other transportation
industries, eg. the automotive industry, the following problems
need to be solved: high material prices, expensive manufactur-
ing process, lack of automatization, recycling issues. Especially
in mass-produced cars, the current use of CFRP is limited due
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Fig. 2. Application of CFRP in aircraft constructions [6]
to the constraints mentioned before.
Engels [7] shows that decreasing the energy consumption
in the manufacturing process of CFRP oﬀers high potentials
for the automotive industry. Moreover, signiﬁcant energy sav-
ing potentials during operational times compared to heavy steel
cars are possible.
Suzuki [8] calculated that a weight reduction of 36% of
mass produced passenger cars with CFRP decreases energy
consumption over the life-cycle of a car by 15%. As a result
environmental impact is reduced.
To increase eﬃciency, car manufacturers started reducing
the overall weight of cars, but stricter legal safety standards de-
mand for heavier body parts. To overcome this bias, car man-
ufacturers have to expand their eﬀorts in research and develop-
ment of new materials that are both lightweight and high load
capacity. While the usage of CFRP today is dominated by the
sectors aerospace and wind energy, forecasts indicate a promis-
ing growth potential in the automotive industry. [9]. It can be
seen from Fig. 3, that a growing demand for CFRP in automo-
tives from 2015 to 2022 can be expected. Nowadays, market
pull demands for fuel eﬃciency. This demand could be satis-
ﬁed by a technology push in lightweight material production.
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Fig. 3. Composite materials volume for automotive [9]
Moreover, lightweight materials enable the substitution of
rare materials. Thus, reducing dependency on limited natural
resources paving the way towards a more sustainable economy.
2.2.3. Substitution of rare materials
Scarcity of raw material results in a high risk supply chain
that leads to complex, expensive and time-consuming supply
processes. Using newmaterials that are independent of regional
availability rare materials can be replaced and competitiveness
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of industrial manufacturers is strengthened. One starting point
is the use of carbon composite materials like CFRP.
3. Case studies
Consequently, these aspects have been veriﬁed in three case
studies, comprising representative cultural goods, eg. pipe or-
gans, components of sport-aircraft, eg. ultralight helicopters,
and urban-transport, eg. multifunctional stroller-bicycle trailer.
3.1. Case study 1: Cultural goods
In this work, cultural goods represent objects that are linked
to cultural values in general, eg. arts, music or architecture.
As an example from the technical and instrumental ﬁeld, the
pipe organ is used in this paper and studied with regard to the
application of new materials.
The sound of a pipe organ is produced by driving pressurized
air through pipes. From the console, the pipes are controled via
manuals or pedals. The tracker action is a mechanical, electric
or pneumatic linkage between the keys and the valves. When
the organist depresses a key, the valve allows air to ﬂow into the
pipe of the corresponding note. Mechanical trackers commonly
used, as they enable a direct control of the valve movement [10]
and thereby a distinguishing articulation [11]. The schematic
diagram in Fig. 4 shows an example of a common pipe organ
structure.
Pedalboard
Manual
Pipes
Valve
Trackers
Fig. 4. Schematic diagram of a typical pipe organ structure
A major drawback of various shapes of pipe organs that re-
quire long transmission paths is that the moving mass is in-
creased with growing size of the pipe organ. Besides, an addi-
tional lateral oscillation of the trackers reduces the transmitted
power. Consequently, the sensitivity and the playing behavior
of the organ is negatively inﬂuenced [10].
To meet the demanding quality requirements, the use of
hazel-spruce for the trackers is widespread. This distinguish-
ing, slow-growing tonewood has extremely thin growth rings
and wavy wood ﬁbers. Both characteristics are necessary for
the production of high-quality pipe organs. The occurrence is
limited to few stocks in South Tyrol, in the Bohemian Forest
and Northern Slovenia. [12,13]
Long business trips and time-consuming hand selections in-
crease procurement costs. Besides, the occurrence is decreasing
and reforestation is rather lengthy. Scarce supply causes rising
prices. This trend is reinforced by increasing costs for restora-
tions and new constructions.
To avert this development, a research project in collaboration
with a local organ builder was started. The aim is to substitute
hazel-spruce trackers by trackers of alternative lightweight ma-
terials like CFRP. The latter allow easier procurement, reduced
moving mass and improved sensitivity.
As a ﬁrst step, the material properties of the hazel-spruce
were determined in order to generate a proper reference value
for choosing an appropriate substitution material. To describe
the material, tensile and three point ﬂexural tests were per-
formed according to DIN EN ISO 527-5 [14] with a pre-load
of 20N. The testing material was split into trackers of lying
and standing growth rings taking into account that the latter are
commonly used beacause of fewer distortions. Representing
the measured test series, Fig. 5 and Fig. 6 show the progression
of the tensile and three point ﬂexural tests of ﬁve samples with
standing growth rings. Even though samples of a natural prod-
uct were used, the measured characteristics diﬀer slightly.
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Fig. 5. Tensile test
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Fig. 6. Three point ﬂexural test
Secondly, a CFRP material of the same width, length and
comparable Young’s modulus was selected. Thus, existing in-
terfaces can be used. Tab. 1 summarizes the averaged charac-
teristic tensile values of both materials. The speciﬁc strength
of the CFRP exceeds the woods’ by approximately 450%. Al-
though, the density of the wood is only approximately 25% of
the CFRPs’.
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Table 1. Characteristic tensile values
material elastic
modulus
[MPa]
strength
[MPa]
density
[kg/m3]
speciﬁc
strength
[Nm/g]
wood 13,537.0 111.4 394.0 282.7
CFRP 135,000.0 2,500.0 1600.0 1,562.5
3.2. Case study 2: Sport aircrafts
Aviation sports and transportation are getting more popu-
lar, therefore demand for ultralight sport aircraft is increasing.
This case study focuses on ultralight helicopters and how their
weight can be reduced by using innovative materials and tech-
nologies. Based on the current state of the art, a market analysis
of existing ultralight helicopters was conducted with regard to
technical data, range of application and maximum weight.
The application of CFRP for load-bearing structures, repre-
sents an innovative and novel approach in the ﬁeld of helicopter
production. However, the stiﬀness and strength of the construc-
tion must be designed for the loads occurring during operation.
For this purpose, the process of reverse engineering is shown
in Fig. 7. Firstly, it was necessary to gain knowledge about the
physical dimensions of the frame structure of a chosen refer-
ence ultralight helicopter to get an accurate model. Therefore
the frame structure is digitized as a point cloud by a 3D-scanner
using a stripe light projection principle. An accuracy of 0.02
mm is achieved. Secondly, a software transforms the recorded
point cloud into a highly accurate polygon mesh. The exchange
format is a standard interface, called stereolithography (STL).
Finally, a reverse engineering software is used and speciﬁc pa-
rameters are set for the creation of a parametric surface model.
[15] The created model is used as base case for further con-
structive processes.
Transformation
CAD-Model
1
23
Component
Digitization
Fig. 7. Reverse engineering process
In this paper, focus is set on the connecting points as manu-
facturing defects in this area can cause fatal error during oper-
ation. Therefore, two diﬀerent sorts of connecting points were
considered, see Fig. 8. Figure 8 a) presents a connector with ﬁve
connections. In Figure 8 b) a connection between the skid and
the skid bridge is shown. In the next section various possibili-
ties for the second connection type are discussed.
a
b
Fig. 8. Diﬀerent connecting points: a) connector with ﬁve connections, b) con-
nection between the skid and the skid bridge
The ﬁrst connection type is an axial plug connection (see
Fig. 9 a)). A loop shape at the end of the skid bridge is created
around the skid. This connection is suitable for tensile stress
and can be completely manufactured out of CFRP. However,
high compressive stress has to be considered because of poten-
tial delamination in the fusion zone.
A second connection type is shown in Fig. 9 b) – a vertical
plug connection. In this case, the targeted use of metallic inserts
is possible. However, diﬃculties in the connection of diﬀerent
types of material have to be considered, eg. thermal expan-
sion coeﬃcient. The advantage of isotropic materials is a better
absorption of stress conditions. Furthermore, a socket construc-
tion is an alternative solution. The sockets can be made out of
CFRP or metallic materials.
Figure 9 c) shows the third connection type considered in this
work – a parallel plug connection. This kind of connection is
recommended for ﬂat skids. Additional screw joints have al-
ready be considered during the manufacturing process because
of reinforcements in critical areas.
a) b) c)
Fig. 9. Plug connection types: a) axial plug connection, b) vertical plug con-
nection, c) parallel plug connection
Especially in lightweight constructions using CFRP the in-
tegral construction of the landing skid oﬀers innovative pos-
sibilities for connections of the second type (see description
before). Therefore, connections 4 – 6 are presented as exam-
ples for landing skids that are made out of one piece. In this
way, forces can be transmitted according to the operational de-
mands. Due to this fact, the potential of the ﬁbers is optimally
used. Furthermore, a maximum level of ligthweigt construction
with CFRP can be realized. As integrated connections cause
extremely high manufacturing costs, hybrid forms are often ap-
plied.
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The simplest possibility for integrated connections is a knot
point without any expansion, see Fig. 10 a). In contrast, a design
with expansion, see Fig. 10 b), is more complex which leads
to higher bending and torsional stiﬀness. Moreover, the knot
points can be wrapped around with additional wrappings, see
Fig. 10 c). In practice, the latter is easier to manufacture than
the construction in Fig. 10 c).
a) b) c)
Fig. 10. Knot point
As seen in section 2.2.2, the weight can be reduced by using
new materials like CFRP. Especially for ultralight helicopters
the weight, which must not exceed the permissible weight of
450 kg, is very important. In conclusion, lightweight construc-
tion reduces fuel and increases load capacity.
3.3. Case study 3: Urban transport
Transportation of urban passengers and freight is part of ur-
ban transportation in general. Usually a distinction is only made
between private and public transport. An urban infrastructure is
required for transportation including eg. a road network, side-
walks, bridle paths, railways and further modes of transport.
Survey [16] shows the percentage of commuters who used lo-
cal urban transport in the European Union in 2014, by country.
Swedish people most often use urban transport – 85% of re-
spondents in Sweden had used local urban transport within the
12 months prior to the survey. In Germany 55% of the peo-
ple use urban transport. Compared to survey [17], it can be
speciﬁed that about 16% of German people used their bicycle
several days a week in 2014. In combination with 715,000 chil-
dren born in Germany in 2014 [18], a ﬁrst conclusion about a
steadily rising demand for child trailers can be drawn.
For this reason, a prototype trailer has been developed that
ﬁts the requirements of urban transport of children, eg. daily
trips to the bakery store, common sports activities like jogging
in a park.
To clarify and deﬁne the requirements, existing products
were analyzed. The criteria for the comparison are deﬁned as
follows: weight, function and suspension. It can be assumed
that the major disadvantage of existing trailers is weight. Fur-
thermore only a few trailers can be characterized as multifunc-
tional, which allows two modes of use: bicycle trailer or baby
jogger. Another requirement is suﬃcient suspension. Suspen-
sion is necessary to protect the child against shocks, eg. on
rough cobblestone surfaces in inner cities.
The concept of the prototype trailer was elaborated by us-
ing a morphological box, considering potential structures and
diﬀerent functions.
To fulﬁll the requirement of low weight, a CFRP monocoque
was developed, see Fig. 11. The driving dynamics were char-
acterized and calculated by a three-dimensional CAD-model.
Further Finite Element Method (FEM)-simulations showed the
behavior at diﬀerent geometries, materials and setups.
rear wheel of bicycle 
CFRP monocoque
one rear wheel
bicycle connection
jogging steering unit
Fig. 11. Design concept of a multifunctional stroller-bicycle trailer
Multifunctionality was implemented with two exchangeable
connection elements, that are inserted in triangular adapters.
These adapters are connected with screws on a metal plate in-
tegrated in the CFRP monocoque. For use as baby jogger the
jogging steering unit is ﬁxed. It includes two wheels, the axis,
springs and connection elements, see Fig. 12 a). For bicycle
trailer mode, the steering unit for jogging mode is switched by
a clutch system and the connection element for bicycles, see
Fig. 12 b), is added.
a) b)
Fig. 12. Connections of the multifunctional trailer: a) jogging steering unit, b)
bicycle connection
Due to safety issues, the back wheel unit of the trailer is
equipped with spring-damper elements.
For validation of the spring-damper elements and its eﬀect
on the passengers’ comfort, the damping system was equipped
with acceleration sensors attached to the back wheel and the
baby seat inside the monocoque. The acceleration aﬀecting to
the trailer is recorded in x-, y- and z-axis. Therefore, a wireless
network system consisting of a wireless accelerometer, gate-
ways and a corresponding software program is used [19]. A
test drive on an paved test track is measured at a sample rate of
fs = 128Hz during a period of time ttotal = 20 s.
In Figure 13 the acceleration in z-direction of the undamped
back wheel and of the baby seat are illustrated. Additionally,
the change in damping eﬀect is highlighted. The values rep-
resented are average values of the measured data. Maximum
damping rate occurs while crossing a curb and is 74.1% (cf.
t= 11.50 s). A high damping rate of 54.1% can also be noticed
while crossing a manhole cover (cf. t= 1.63 s). The interval
2 s< t< 11 s represents driving on a smooth surface. Due to
smaller amplitudes, the damping rate is smaller, too (14.0%).
More signiﬁcant deﬂections in the interval 12 s< t< 20 s illus-
trate driving on a rough surface with a damping rate of 47.6%.
Concluding, three main beneﬁts of integrating new technolo-
gies and materials in urban transport can be summarized as fol-
lows: The ﬁrst one refers to safety issues. Due to a monocoque
design, which is known from formula one, and the integrated
damping system, the passenger is optimally protected against
vibrations occurring while driving. Another beneﬁt is the low
weight, which means less physical stress on the bicycle rider
who pulls the trailer. Furthermore, an integration of functions
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(jogging steering and bicycle connection) is realized by multi-
functionality of the prototype trailer.
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Fig. 13. Measurement of vertical (z-axis) acceleration during a 20 s test drive
4. Conclusion and outlook
Individual mobility and transportation of goods are success
factors for prospering societies in an industrialized world char-
acterized by progressing globalization. The existing transporta-
tion system is mainly based on ﬁnite fossil fuels. To protect
the environment an eﬃciency increase is necessary. Enormous
energy saving potentials can be realized by weight reduction.
Especially in operation, lightweight design is part of a sustain-
able value chain. Besides, durability of products is prolonged
thus representing another element of a sustainable society.
This paper covers three case studies presenting examples for
the great variety of CFRP and their beneﬁts that are generated
in diﬀerent sectors. From the case studies performed in this
work the following conclusions can be drawn: Firstly, CFRP
is suitable for replacing rare materials for high performance re-
quirements. Secondly, lightweight constructions with complex
connection elements can be realized. Finally, due to high sta-
bility of CFRP safety aspects can be addressed.
For systematic identiﬁcation and classiﬁcation a general
methodology needs to be developed to transfer knowledge from
special applications to everyday products.
Moreover, an infrastructure covering the life cycle of CFRP
products from cradle-to-grave needs to be established, eg. reli-
able and easy manageable on-site maintenance and repair ser-
vices.
Additionally, it is obvious that for further market penetration
uniform design guidelines need to be developed. To avoid legal
constraints and to encourage designers to use new lightweight
materials, eg. CFRP, a ﬁrst step towards an international stan-
dardization is necessary. New ﬁelds of application, nowadays
dominated by reliable usage of conventional steel, oﬀer a play-
ground for innovative products and services.
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